Background: Chronic kidney disease (CKD) is associated with cerebral small vessel diseases (SVD) and predicts stroke, cardiovascular events and mortality. However, its association with recent small subcortical infarcts (RSSI), a novel subtype of cerebral SVD, has not yet been established in stroke patients. The aim of this longitudinal study was to clarify whether CKD can predict clinical outcome in patients with RSSI. Methods: We enrolled patients with first-ever RSSI (formerly categorized as acute lacunar stroke). CKD was defined as an estimated glomerular filtration rate of <60 ml/min/1.73 m 2 on admission. The patients were divided into two groups according to the presence or absence of CKD. The endpoints were recurrent stroke, cardiovascular events or all-cause mortality. The patients were followed up at 3, 6 and 12 months after stroke onset and yearly thereafter. Event-free survival analysis was undertaken using Kaplan-Meier plots and the log-rank test. Cox's proportional-hazards analysis was conducted regarding age, sex and the presence of any cerebral SVD. Results: A total of 152 patients (66% males; mean age: 67.6 years) were consecutively enrolled, and 44 (29%) had CKD. During the follow-up period (median: 3 years; interquartile range: 1-4), 27 patients (18%) reached endpoints. The numbers of patients per endpoint were as follows: all-cause mortality 14, ischemic stroke 9, hemorrhagic stroke 2 and aortic dissection 2. Patients with CKD were significantly older (77 vs. 64 years; p < 0.001), had higher serum creatinine (0.96 vs. 0.65 mg/ dl; p < 0.001), higher brain natriuretic peptide (51.1 vs. 18.5 pg/ml; p < 0.001) and a higher National Institutes of Health Stroke Scale score on admission (3 vs. 2; p < 0.001), and were less likely to have modified Rankin Scale scores of 0-2 after stroke onset (52 vs. 77%; p = 0.003). Patients with white matter hyperintensity [odds ratio (OR) 3.0; 95% confidence interval (CI): 1.5-6.2; p = 0.003] and those with microbleeds (OR 2.5; 95% CI: 1.2-5.1; p = 0.015) had more pronounced CKD than the remaining patients. A Kaplan-Meier curve analysis showed that patients with CKD had a less favorable outcome than those without CKD (p < 0.001). The multivariate Cox proportional-hazards analysis revealed that CKD was associated with recurrent stroke, cardiovascular events or all-cause mortality (hazard ratio 2.22; 95% CI: 1.12-4.25; p = 0.02). Conclusions: CKD was found to be independently associated with recurrent stroke, cardiovascular events or all-cause mortality in patients with RSSI.
Introduction
Chronic kidney disease (CKD) is now an accepted risk factor for cardiovascular diseases, stroke and dementia and is a surrogate marker for adverse clinical outcomes in patients with stroke [1] [2] [3] [4] [5] [6] [7] . Patients with CKD are known to have endothelial dysfunction and are at risk from both thrombotic and hemorrhagic events [5] [6] [7] [8] [9] [10] . Furthermore, CKD is associated with cerebral small vessel diseases (SVD) [2, [9] [10] [11] [12] [13] because they share similar anatomical and physiologic characteristics.
Cerebral SVD are hypertension-related cerebral changes and are focused on as a risk factor for stroke [14] . Recently, cerebral SVD have been reclassified into five categories according to the Standards for Reporting Vascular Changes on Neuroimaging (STRIVE) recommendations as follows: recent small subcortical infarcts (RSSI; formerly categorized as acute lacunar stroke); white matter hyperintensity (WMH); lacunae (formerly defined as silent lacunar infarcts); microbleeds, and perivascular space [14] . Although CKD is closely associated with cerebral SVD, the association between CKD and clinical outcomes in patients with RSSI has not yet been clarified. Several studies have assessed CKD in cohorts of patients with stroke [3, 4, 6, 7, 15] , in cohorts of patients with ischemic stroke [5, 9, 11] and in the general population [1, 2, 10, 12, 13, 16] . Moreover, it is unclear as to whether or not CKD affects the longitudinal clinical outcomes of patients with RSSI.
The aim of the present study was to clarify the prognosis of patients with RSSI, and, in particular, to determine whether CKD per se could affect adverse outcomes in such patients. We hypothesized that CKD is associated with poor outcome in patients with RSSI independent of the presence of cerebral SVD.
Subjects and Methods

Study Design
Between April 2007 and March 2013, we enrolled consecutive patients with first-ever RSSI who were admitted to the Kawasaki Medical School Hospital within 24 h of stroke onset. An eligible infarct size was defined as <15 mm in diameter detected on diffusion-weighted imaging (DWI) scans on admission according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria [17] and the STRIVE recommendations [14] . We excluded patients with recurrent stroke. This longitudinal observational study complied with the Declaration of Helsinki and was approved by the Institutional Review Board at the Kawasaki Medical School Hospital. Informed consent was obtained from all patients. This trial is registered with the UMIN Clinical Trials Registry (UMIN000013767). Detailed information is provided in the online supplementary file (for all online suppl. material, see www. karger.com/doi/10.1159/000365565).
Baseline Assessment
We assessed age, sex, body mass index and blood pressure on admission, and known vascular risk factors such as hypertension, dyslipidemia, diabetes mellitus, ischemic heart disease and current smoking habits. Serum creatinine was measured on admission, and the estimated glomerular filtration rate (eGFR) was determined using the equation proposed by the Japanese Society of Nephrology as follows: eGFR (ml/min/1.73 m 2 ) = 194 × [serum creatinine (mg/dl)] -1.094 × [age (years)] -0.287 × 0.739 (if female) [5] . CKD was defined as an eGFR of <60 ml/min/1.73 m 2 on admission [2, 4, 11] . Stroke subtype was classified according to the TOAST criteria [17] . Stroke neurologists assessed the National Institutes of Health Stroke Scale (NIHSS) scores on admission and at discharge. The modified Rankin Scale (mRS) scores at 90 days were assessed. We defined mRS scores of 0-2 as a good outcome and scores of 3-5 as a poor outcome [18] .
Magnetic Resonance Imaging
The patients underwent a 1.5-tesla MRI of the brain (Signa EXCITE XL version 11.0; GE Healthcare, Milwaukee, Wis., USA), including DWI, fluid-attenuated inversion recovery (FLAIR) imaging, T2 * -weighted gradient echo imaging (T2 * ) and 3D time-of-flight MR angiography. The neuroimaging protocol is provided in the online supplementary file. RSSI was defined as infarcts of <15 mm in diameter as detected using DWI scans on admission [14] . Lacunae, formerly categorized as silent lacunar infarcts, were defined as a focal lesion of ≥ 3 mm in diameter, with hyperintensity on T2WI and hypointensity on FLAIR images [18] [19] [20] [21] [22] . WMH was defined as an irregular periventricular hyperintensity (Fazekas grade ≥ 3) and/or early confluent or confluent separate deep white matter hyperintense lesions (Fazekas grade ≥ 2) on T2WI and FLAIR images [18] [19] [20] [21] [22] . Microbleeds were defined as a focal area of signal loss in the brain parenchyma of a size of <5 mm on T2 * scans [14] . A trained neurologist (N.S.) assessed all scans while blinded to the patients' details.
Follow-Up
The patients were followed up at 3, 6 and 12 months after stroke onset and yearly thereafter. Trained research assistants who were blinded to the clinical data assessed the patients by telephone interview using a standardized interview form. The follow-up ended on 31 May, 2014.
Endpoints
The present study's endpoints were recurrent stroke, cardiovascular events (defined as myocardial infarction, heart failure and arterial dissection) or all-cause mortality. Patients with such status were thoroughly assessed using multiple concurrent approaches including a review of hospital and outpatient medical records and computerized databases and, if necessary, by contacting the patients, their families or their primary care physician.
Statistical Analysis
Continuous variables, ordinal variables and categorical variables were compared using the unpaired Student t test, the Wilcoxon rank-sum test and the χ 2 test, respectively. First, we divided the patients into two groups according to the presence or absence of CKD to compare their clinical characteristics ( table 1 ) . Second, we compared the frequency of CKD in patients with lacunae, WMH and microbleeds and patients who did not have these conditions ( fig. 1 ).
Third, event-free survival analysis was undertaken using Kaplan-Meier plots and the log-rank test to compare patients with CKD and those without CKD ( fig. 2 ) . Fourth, the Cox proportional-hazards model ( table 2 ) was used to estimate the risk of recurrent stroke, cardiovascular events or all-cause mortality associated with CKD (presence or absence), unadjusted, adjusted for age and sex (model 1) and adjusted for age, sex and the presence of cerebral SVD (presence of any lacunae, WMH or microbleeds; model 2). Odds ratios (OR) and hazard ratios Data represent medians with interquartile ranges in parentheses or numbers of patients with percentages in parentheses. Endpoints were recurrent stroke, cardiovascular events and all-cause mortality. BNP = Brain natriuretic peptide; SBP = systolic blood pressure; DBP = diastolic blood pressure; BMI = body mass index. are presented along with 95% confidence intervals (CI). All comparisons were two-tailed, and a p value <0.05 was considered being statistically significant. All data were analyzed using the JMP 11.0 software package (SAS Institute Inc., Cary, N.C., USA). Detailed information is provided in the online supplementary file.
Results
Patient Characteristics
A total of 152 patients (66% males; mean age: 67.6 ± 11.1 years) with first-ever RSSI, formerly defined as small vessel occlusion based on the TOAST criteria, were enrolled in the present study. Among these, 44 (29%) had CKD. During the follow-up period, 27 patients (18%) reached endpoints. The median follow-up time of the patients was 3 years (interquartile range: 1-4). The numbers of patients per endpoint were as follows: all-cause mortality 14, ischemic stroke 9, hemorrhagic stroke 2 and aortic dissection 2. We compared characteristics between female and male patients. Female patients were significantly older (72 vs. 66 years; p = 0.01), had a slightly higher NIHSS score on admission (3 vs. 2; p = 0.267) and were less likely to have mRS scores of 0-2 after stroke onset (59 vs. 76%; OR 2.25; 95% CI: 1.09-4.62; p < 0.05). There was no significant difference in the proportion of patients with CKD between females and males (29 vs. 29%; p = 1.000). Table 1 shows the comparison between patients with and without CKD. Patients with CKD were significantly older, had higher serum creatinine and brain natriuretic peptide levels as well as a higher NIHSS score on admission; they were less likely to have mRS scores of 0-2 after stroke onset, had a high frequency of WMH and microbleeds as well as a high possibility of all-cause mortality or recurrent stroke as compared with those without CKD.
Comparison of Patients with and without CKD
Association between CKD and Cerebral SVD
The eGFR was significantly lower in patients with WMH (63.8 vs. 81.7 ml/min/1.73 m 2 ; p < 0.001) and in those with microbleeds (66.0 vs. 79.0 ml/min/1.73 m 2 ; p < 0.01) as compared with those who did not have these conditions; however, there was no significant difference between patients with lacunae and those without lacunae (73.8 vs. 77.3 ml/min/1.73 m 2 ; p = 0.197). Likewise, patients with WMH (OR 3.0; 95% CI: 1.5-6.2; p = 0.003) and those with microbleeds (OR 2.5; 95% CI: 1.2-5.1; p = 0.015) had more CKD than the rest of the patients; however, there was no significant difference between patients with lacunae and those without lacunae (OR 1.3; 95% CI: 0.6-2.6; p = 0.590; fig. 1 ).
Longitudinal Analysis
A Kaplan-Meier curve analysis showed that patients with CKD had less favorable survival times free of recurrent stroke, cardiovascular events or all-cause mortality than those without CKD (log-rank test, p < 0.001; fig. 2 ). The multivariate Cox proportional-hazards model revealed that CKD was an independent predictor of recurrent stroke or all-cause mortality after adjusting for age, sex and the presence of any cerebral SVD ( table 2 ) .
Discussion
The main finding of the present study was that CKD was independently associated with recurrent stroke, cardiovascular events or all-cause mortality in patients with RSSI. Additionally, we confirmed a positive relationship between WMH, microbleeds and CKD.
In the general population, the prognosis of patients with CKD is poor as compared with those who do not have CKD [1] . Likewise, stroke patients with CKD have a severe neurological deficit, poor functional outcomes, a higher rate of long-term mortality and increased cardiovascular morbidity relative to stroke patients who do not have CKD [4] [5] [6] [7] 11] . However, such an association had not previously been confirmed in patients with RSSI. Furthermore, although there was a clear relationship between CKD and cerebral SVD in several earlier studies [7, 9-13, 15, 16] , similar relationships in strictly selected stroke patients, in particular patients with RSSI, have not previously been assessed. Although we applied a combined endpoint (recurrent stroke, cardiovascular events and all-cause mortality) in the present study, RSSI patients with CKD had a significantly poorer outcome than CKD patients without RSSI. Our findings are in line with these previous studies and could provide a better understanding of both the association between small artery disease in the brain and kidney and the prognosis of stroke patients with RSSI.
We also found a robust association between WMH (OR 3.0), microbleeds (OR 2.5) and CKD. This positive association has been previously reported in patients with stroke [7, 9, 11, 23] and in the general population [10, 12, 13] . As for lacunae, previous studies have indicated a significant association between lacunae (silent lacunar infarcts) and CKD [12, 16] . In contrast, no significant association between lacunae and CKD was found in the present study. We speculated that an equal background regarding the presence of lacunae in the patients who were enrolled in the present study could have led to lost statistical difference because our cohort consisted of patients with RSSI.
Similar mechanisms appear to be involved in the development of cerebral SVD and CKD. First, both cerebral SVD and CKD are mainly caused by hypertension-related small artery disease [8] . Second, similarities in hemodynamics between the vascular beds of the brain and kidney could explain this close association [2, [7] [8] [9] . Blood vessels in the brain and kidney are vulnerable to fluctuations in blood pressure [8] . Third, endothelial dysfunction underlies the development of both cerebral SVD and CKD [8, 11] . Cerebral endothelial dysfunction could cause blood-brain barrier failure and lead to damage to the cerebral parenchyma [24] . Likewise, glomerular endothelial dysfunction could cause capillary vasculopathy and lead to an impairment in renal function [8] . Fourth, increased blood pressure caused by CKD might be responsible for the cerebral SVD [11] . Sodium retention, an activated renin-angiotensin system and elevated plasma catecholamine levels could increase blood pressure [11] . These combined factors might increase the risk of recurrent stroke, cardiovascular events or allcause mortality in the present study.
The strength of our study lies in the evaluation of a strictly selected group of patients with first-ever RSSI. The eligible infarct diameter was limited to <15 mm as assessed by means of DWI scans on admission within 24 h of stroke onset in accordance with the TOAST criteria [17] and the STRIVE recommendations [14] . Although associations between cardioembolic stroke, atrial fibrillation and CKD have been reported [3] , the confirmation of CKD as a clinical predictor in patients with cerebral SVD could provide a clear correlation between small artery diseases of the brain and the kidneys.
There are several limitations to our study. There is the possibility of selection bias, since this study was performed in a single hospital-based cohort. The number of patients included in the study was small. A combined endpoint was assessed in the present study. Other confounding factors such as albuminuria [8, 16] , proteinuria [5] or arterial stiffness [19] [20] [21] [22] were not assessed. Arterial stiffness can be used to assess the presence of cerebral SVD [19] [20] [21] [22] and predicts cardiovascular events or all-cause mortality [25, 26] . Further research taking these factors into consideration will be needed to validate our results.
Conclusions
We found that CKD was independently associated with recurrent stroke, cardiovascular events or all-cause mortality independent of age, sex and the presence of cerebral SVD in patients with RSSI. There were robust relationships between WMH, microbleeds and the presence of CKD.
